Proteases are involved in many aspects of tumor progression, including cell survival and proliferation, escape from immune surveillance, cell adhesion and migration, remodeling and invasion of the extracellular matrix. Several lysosomal cysteine proteases have been cloned and shown to be overexpressed in cancer; yet, despite the great potential for development of novel therapeutics, we still know little about the regulation of their proteolytic activity. Cystatins such as cystatin M are potent endogenous protein inhibitors of lysosomal cysteine proteases. Cystatin M is expressed in normal and premalignant human epithelial cells, but not in many cancer cell lines. Here, we examined the effects of cystatin M expression on malignant properties of human breast carcinoma MDA-MB-435S cells. Cystatin M was found to significantly reduce in vitro: cell proliferation, migration, Matrigel invasion, and adhesion to endothelial cells. Reduction of cell proliferation and adhesion to an endothelial cell monolayer were both independent of the inhibition of lysosomal cysteine proteases. In contrast, cell migration and matrix invasion seemed to rely on lysosomal cysteine proteases, as both recombinant cystatin M and E64 were able to block these processes. This study provides the first evidence that cystatin M may play important roles in safeguarding against human breast cancer.
Introduction
Lysosomal cysteine proteases are involved in many biological processes such as intracellular protein catabolism, pericellular matrix remodeling, antigen processing, virulence, and programmed cell death (for recent reviews, see Chapman et al., 1997; Villadangos et al., 1999; Bromme and Kaleta, 2002) . Impaired regulation of expression and activity of lysosomal cysteine proteases has been implicated in cancer progression Roshy et al., 2003) . Several groups have hypothesized that the increased proteolytic activities observed in malignant tumors are due to upregulation of proteases and/or downregulation of their endogenous inhibitors (Liotta and Stetler-Stevenson, 1991; Brunner et al., 1994; DeClerck and Imren, 1994) . Cystatins are considered physiological inhibitors of lysosomal cysteine proteases (Turk and Bode, 1991; Abrahamson, 1994) . They control the catalytic function of target proteases by forming reversible, high-affinity complexes Alvarez-Fernandez et al., 1999) .
Cystatin M was first identified by differential display as a transcript that was downregulated in a metastatic breast cell line when compared to a matched primary tumor cell line (Sotiropoulou et al., 1997) . The same inhibitor was independently cloned from embryonic lung fibroblasts and named cystatin E (Ni et al., 1997) . Here, we will refer to cystatin E/M as cystatin M. Cystatin M is a cell-secreted cystatin of 121 amino acids that exists in both glycosylated (17 kDa) and unglycosylated (14.4 kDa) forms (Ni et al., 1997; Sotiropoulou et al., 1997) . Since cystatin M is expressed in normal and premalignant breast epithelial cells but not in metastatic breast cancer cell lines, it was hypothesized to be a novel metastasis suppressor (Sotiropoulou et al., 1997) .
Metastasis is a multi-step process in which tumor cells escape from the primary tumor and establish colonies at local and distant sites (Poste and Fidler, 1980) . Metastatic tumor cells must detach, acquire motile function, and penetrate the basement membranes and other connective tissues. Thus, degradation of these supportive and confining structures has been hypothesized to be a critical component of the metastatic process (Liotta and Stetler-Stevenson, 1991) . Studies have shown that lysosomal cysteine proteases can degrade components of connective tissues and basement membranes in vitro, including various collagens, elastin, tenascin, laminin, and fibronectin (Maciewicz et al., 1990; Buck et al., 1992; Guinec et al., 1993; Bromme et al., 1996; Sameni et al., 2000; Mai et al., 2002) . Secretory cystatins, like cystatin M, could potentially regulate the function of exocytosed cysteine proteases (Linebaugh et al., 1999; Hulkower et al., 2000) . Loss of expression of cystatin M could therefore lead to proteolysis of the glycoprotein scaffolds that maintain tissue architecture, and this could facilitate invasion and metastasis of cancer cells.
The long-term goal of our studies is to determine if cystatin M is a bona fide metastasis suppressor. As a first step towards that aim, we have stably transfected the highly tumorigenic and metastatic human breast cancer MDA-MB-435S cell line with a cystatin M expression vector and studied the effects of cystatin M expression on the malignant properties of these cells. We report for the first time that ectopic expression of cystatin M reduced cell proliferation, migration, matrix invasion, and tumor-endothelial cell adhesion. Surprisingly, however, when mock-transfected cells were treated with a broad-spectrum inhibitor of lysosomal cysteine proteases (E64), no effect was seen on cell proliferation and tumor-endothelial cell adhesion, while the same agent inhibited both cell migration and matrix invasion. We conclude from these studies that cystatin M may have distinct functions in the safeguard against malignant progression.
Results

Expression pattern of cystatins C and M in human cancer cell lines
Cystatin M expression has been analysed before in various normal human tissues as well as in neoplastic skin disorders and established breast cancer cell lines (Ni et al., 1997; Sotiropoulou et al., 1997; Zeeuwen et al., 2002) . Little is known about its expression pattern in other cancers. Previously, we had shown that another secreted cystatin, cystatin C, was quite ubiquitously expressed in human cancer cells (Keppler et al., 1994) . Therefore, we compared by semiquantitative RT-PCR analysis the levels of expression of cystatin C and cystatin M mRNAs in a number of different human cancer cell lines (breast: BT-20, BT-549, and MDA-MB-435S; prostate: DU-145, LNCaP, and PC-3; colon: CaCo-2 and HT-29; glioma: U-87MG; and melanoma: WM-164, WM-793, WM-852, WM-902B, WM-1205Lu, and WM-1341D). The diploid, spontaneously immortalized and nontumorigenic, human breast epithelial MCF-10A cell line served as a 'normal' counterpart in this screen. The cystatin M mRNA was detected only in a few cell lines, including immortalized MCF-10A and three cancer cell lines . Low levels of expression were also detectable in BT-549, LNCaP, CaCo-2, HT-29, and U-87MG cells. As for most established human breast cancer cell lines such as MDA-MB-435S (Sotiropoulou et al., 1997), little or no cystatin M transcript could be detected in any of the melanoma cell lines used in this study (Figure 1, cyst. M) . In contrast to the cystatin M mRNA, the cystatin C mRNA was detected in all cell lines analysed, with the exception of one, BT-20 (Figure 1 , cyst. C). RT-PCR analysis of the b 2 -microglobulin mRNA was performed to verify equal sampling of total RNA from one cell line to another (Figure 1 , b 2 -micro).
Transfection studies
MDA-MB-435S cells express cystatin C, but little or no cystatin M message (Figure 1 , compare MDA-435S in the middle and upper panels, respectively). These cells are highly tumorigenic, invasive, angiogenic, and metastatic in immunocompromised mice (Price and Zhang, 1990) . Therefore, they seemed an appropriate model in which to test the antiproliferative, anti-invasive, antiangiogenic, and/or antimetastatic properties of cystatin M. As a first step towards that aim, we transfected MDA-MB-435S cells with the cystatin M cDNA expression vector or the 'empty' control vector. Like the cystatin M vector, the 'empty' control vector has an intact CMV-promoter, a transcriptional start site, followed some 300 bp downstream by a patent polyadenylation signal. PCR analysis of genomic DNA isolated from individual Zeocin-resistant clones showed stable integration of the cystatin M cDNA in cystatin M-transfected clones (Figure 2a, . The 422-bp PCR product could not be detected in parental (untransfected) or two mocktransfected control clones (Figure 2a ; parental, mock-1, and mock-2). The bands of higher sizes (4422 bp), seen only with genomic DNA containing the transfected cystatin M cDNA, most likely represent oligomers of the amplified product, as they are not seen in control DNA.
Immunoblot analysis of cell-conditioned media showed that clones CM-12, CM-13, CM-15, and CM-17 expressed and secreted two forms of cystatin M (Figure 2b, upper panel, cyst. M) . Two forms of cystatin M, that is, a 17-kDa glycosylated and a 14.4-kDa unglycosylated form, have been identified previously (Ni et al., 1997; Sotiropoulou et al., 1997) . Cystatin M protein could not be detected in the conditioned media of control clones (Figure 2b, upper panel, parental, . Cystatin C is a closely related secreted inhibitor that has a similar molecular mass to cystatin M and may have a partially overlapping inhibitory profile (Turk and Bode, 1991; Abrahamson, 1994) . Immunoblot analysis revealed that ectopic expression of cystatin M did not affect expression and secretion of cystatin C (Figure 2b , lower panel, cyst. C), suggesting that there was not a compensatory downregulation of cystatin C in cells that overexpress cystatin M.
Cystatin M reduced cell proliferation in vitro
Several studies have shown that cystatin C from different species can modulate cell proliferation (Sun, 1989; Leung-Tack et al., 1990; Tavera et al., 1992; Taupin et al., 2000; Konduri et al., 2002) . Therefore, we determined the effect of cystatin M on proliferation of MDA-MB-435S cells. We observed a significantly (Po0.01) slower rate of proliferation of the cystatin M transfectants as compared to that of the mock transfectants (Figure 3a) . If secreted cystatin M was responsible for the growth differences in these cells, then conditioned media from the cystatin M transfectants should also slow the growth of mock-transfected cells. This was indeed the case, as cystatin M-conditioned media significantly (Po0.001) slowed the rate of proliferation of mock-transfected cells when compared to the same cells grown in the presence of mock-conditioned media (Figure 3b ). Our results are thus consistent with reduced proliferation in the cystatin M -transfectants being due to secreted cystatin M.
These results suggested that recombinant cystatin M should also reduce cell proliferation. We tested this hypothesis with a GST-fusion protein in which GST is fused to the N-terminus of cystatin M (GSTCM). Recombinant GST was used as a control. Neither recombinant protein had any effect on proliferation of the cells (Figure 3c ). This was surprising because GSTCM expressed in bacteria inhibited papain with a similar nanomolar K i (Figure 3d ) as cystatin M expressed in insect Sf9 cells (Ni et al., 1997) . The correct folding of GSTCM was further substantiated by the fact that GST had no apparent papain-inhibitory potential when tested under similar conditions (Figure 3d ). In addition, the broad-spectrum inhibitor of lysosomal cysteine proteases, E64, or its membrane-permeant ester derivative, E64d, had no effect on cell proliferation (Figure 3e ). Previously, we had established that the 10-mM dose of E64/E64d used was able to completely inhibit lysosomal cysteine proteases present in a subconfluent 100-mm Petri dish. Therefore, lysosomal cysteine proteases do not seem to be involved in proliferation of MDA-MB-435S cells. Additionally, it might suggest that either post-translational modifications or an accessible amino-terminus might be required for cystatin M to function as a regulator of cell proliferation.
Cystatin M reduced cell migration
One of the hallmarks of malignant cancers is their ability to invade/infiltrate the surrounding normal tissues. MDA-MB-435S cells are highly motile and invasive (Thompson et al., 1992; Liu et al., 1997) . To test whether cell migration was affected by overexpression of cystatin M, we performed Transwell migration assays using FBS as the chemoattractant. During the initial optimization of this assay in our laboratory, we determined that 1% heat-inactivated FBS was maximally stimulatory for MDA-MB-435S cell migration (data not shown). We observed a time-dependent accumulation of migratory cells on the bottom surface of the 8-mm filters. Little or no migration was seen in the absence of chemoattractant over a 13-h incubation period (data not shown). Migration of the cystatin Moverexpressing clone CM-13 was significantly (Po0.05) and X60% reduced in comparison to migration of the parental and mock-1 control clones (Figure 4a ). Migration of the mock-1 clone was reduced X70% in the presence of either 200 nM of recombinant GSTCM or 10 mM of E64 ( Figure 4b ). This was in contrast to what we observed with cell proliferation, which was not sensitive to either 2 mM of GSTCM or 10 mM of E64. These assays indicate that FBS-stimulated migration of MDA-MB-435S cells required the participation of one or several lysosomal cysteine proteases inhibited by cystatin M and/or E64.
Cystatin M blocked Matrigel invasion
To determine if cystatin M affected the ability of MDA-MB-435S cells to invade, we performed Matrigel Plates were collected at days 1, 3, 5, 7, 9, 11, and 13, and cell number measured with the CyQuant proliferation kit. Each point represents the mean7s.e.m. of six wells. The experiment was repeated several times with similar results. Statistical analysis comparing mock-transfected and cystatin M-transfected clones was performed using one-way ANOVA (*Pp0.01). (b) Effect of cell-conditioned media on proliferation of mock-1. Conditioned media (24 h) were collected from parental and mock-transfected cells and pooled (mock medium); the same was done with the media from CM-12, 13 and 17 cells (CM medium). Mock-1 cells were then seeded as above and grown in either mock or CM medium (n ¼ 6). Cells were fed with the pooled media and plates collected and processed as described above. Statistical analysis comparing the effect of mock and CM media was performed using two-factor ANOVA (*Pp0.001). (c) Effect of recombinant GSTCM on cell proliferation. Mock-1 cells were seeded as above, and grown in the presence of various concentrations of recombinant GSTCM or GST (n ¼ 6). Cells were fed with fresh medium and recombinant protein every 48 h, and plates collected and processed as described above. Statistical analysis comparing control-treated and GSTCM/GST-treated mock-1 cells was performed using one-way ANOVA. (d) Inhibition of papain activity by GSTCM. The ability of GSTCM to inhibit papain was tested using various concentrations of recombinant GSTCM or GST (as control). Active site titrated papain (20 nM) was preincubated with GSTCM/GST for 20 min at room temperature. The enzyme was then incubated at 371C in the presence of 100 mM of Z-Phe-Arg-AMC, and initial reaction velocities recorded semicontinuously. Residual enzyme activity is expressed as relative fluorescence units (RFU)/min. (e) Effect of a broad-spectrum inhibitor of lysosomal cysteine proteases on cell proliferation. Mock-1 cells were seeded as above and grown in the absence (control) or presence of an excess concentration (10 mM) of the inhibitor E64 or its membrane-permeant derivative E64d (n ¼ 6). Cells were fed with fresh medium and inhibitor every 48 h, and plates collected and processed as described above. Statistical analysis comparing control-treated and inhibitor-treated mock-1 cells was performed using two-factor ANOVA invasion assays (Hendrix et al., 1987) . At 60-and 72-h time points, invasion of CM-13 cells that overexpressed cystatin M was significantly lesser (495%; Po0.001) than invasion of the parental and mock-1 control clones (Figure 5a) . Invasion of the mock-1 clone was nearly completely suppressed by a single addition of 200 nM of recombinant GSTCM or 10 mM of E64 to the media in the top well (Figure 5b ). Our data therefore suggested that specific lysosomal cysteine protease(s) might play a rate-limiting role in serum-stimulated migration and invasion.
Cystatin M reduced tumor-endothelial cell adhesion
The ability of circulating tumor cells to adhere firmly to the microvascular endothelium at a distant site is considered a crucial step in establishing clinically successful metastases (Liotta and Stetler-Stevenson, 1991; Al-Mehdi et al., 2000) . To test whether adhesion of MDA-MB-435S cells to endothelial cells was affected by cystatin M, we performed in vitro adhesion assays using HUVEC monolayers. Adhesion of MDA-MB-435S cells overexpressing cystatin M (Figure 6 , CysM) to HUVECs was significantly decreased (Po0.05) compared to adhesion of mock-1 cells (Figure 6, Ctrl) . Adhesion of the mock-1 cells could be inhibited to a similar extent (30%) as that of the CM-13 cells in the presence of 200 nM of recombinant GSTCM (Figure 6 , GSTCM). In contrast, 10 mM of E64 did not inhibit the adhesion of mock-1 cells (Figure 6, E64) . These results 4 ) in 500 ml of serumfree DMEM were seeded into Transwell culture inserts on top of 8-mm filters. The bottom wells contained 750 ml of DMEM supplemented with 1% FBS as chemoattractant. Cells were incubated for various times at 371C in this gradient of FBS. All other conditions were as described in the Materials and methods section. Cells that had migrated to the bottom surface of the filter were counted on the whole surface using an inverted microscope at Â 100 magnification. Results are expressed as mean7s.e.m. of triplicate experiments for each clone (parental, mock-1, and CM-13) and for each time point (3, 6, 9, and 13 h). Little or no migration was observed in the absence of the chemoattractant. Statistical analysis comparing migration of the cystatin M clone to that of parental and mock control clones was performed using oneway ANOVA (*Pp0.05). (b) Effect of recombinant cystatin M and E64 on cell migration. Mock-1 cells were incubated as described above, in the absence (Ctrl) or presence of 200 nM of recombinant GST/GSTCM or 10 mM of E64. Cell migration was assessed after 13 h. *Indicates a highly significant difference with mock control and GST-treated mock cells (Pp0.001) Figure 5 (a) Effect of cystatin M on Matrigel invasion. The experimental set up was the same as in the legend to Figure 4 , except that (1) Matrigel-coated filter inserts were used instead of uncoated filters (Matrigel was a preparation with reduced growth factor content); (2) incubation times were much longer, that is, 13, 24, 48, 60, and 72 h, because of the barrier function of Matrigel. *Indicates a highly significant difference with parental and mock controls (Pp0.001). (b) Effect of recombinant cystatin M and E64 on Matrigel invasion. Mock-1 cells were incubated as described above, and in the absence (Ctrl) or presence of 200 nM of recombinant GST/GSTCM or 10 mM of E64. Invasion was assessed after 72 h. *Indicates a highly significant difference with mock control and GST-treated mock cells (Pp0.001) show that -as for tumor cell proliferation -tumor cell adhesion to endothelial cells in vitro does not seem to require the participation of lysosomal cysteine proteases. In contrast to tumor cell proliferation, however, adhesion of MDA-MB-435S cells to HUVECs was sensitive to GSTCM. Cystatin M has been shown to be a double-headed inhibitor capable of targeting both papain-and legumain-type lysosomal cysteine proteases (Alvarez-Fernandez et al., 1999) . Further studies are required to determine whether or not a legumain-type cysteine protease(s) might be assisting tumor cells in their adhesion to endothelial cells.
Discussion
Multiple genetic and epigenetic alterations are involved in the development of a malignant tumor. Loss of expression of certain genes in tumor cells is often linked to the potential of their gene products to act as tumor or metastasis suppressors. Our overall working hypothesis is that cystatin M might be such a suppressor gene. Indeed, differential display of RNAs isolated from a matched pair of a primary human breast tumor and its metastatic lesion (Sager, 1997) identified cystatin M (CST6) (Sotiropoulou et al., 1997) . Although cystatin M is expressed in normal and premalignant breast epithelial cell lines, its expression is often lost in breast cancer cell lines (Sotiropoulou et al., 1997) . In this report, we analysed the mRNA expression pattern of cystatin M and cystatin C in a panel of human tumor cell lines of different degrees of differentiation and potential for tumor formation, tissue invasion, and metastasis. When compared to cystatin C, which is ubiquitously expressed (see also Keppler et al., 1994) , cystatin M was found to be abundantly expressed by only three out of 15 tumor cell lines. These comprised one breast cancer and two prostate cancer cell lines (DU-145 and PC-3). Regulation of the steady-state levels of the two cystatin mRNAs seemed therefore to be quite different. Together with their quite different inhibition profiles towards lysosomal cysteine proteases (Abrahamson, 1994) , this suggested that cystatins C and M might likely play different roles in tumor progression.
In a recent study of a case of oropharyngeal squamous cell carcinoma, cystatin M mRNA and protein were found to be significantly increased in a metastatic lesion when compared to the primary tumor (Vigneswaran et al., 2003) . Cystatin M immunostaining in the metastatic cervical lymph node lesion was restricted to a few focally keratinized areas. Therefore, downregulation of expression of cystatin M during progression of cancers may only be relevant for a few cancers such as breast cancer and melanoma. Alternatively, immunostaining of cystatin M in a subpopulation of cells that have metastasized suggests that the cystatin M gene might be re-expressed in oropharyngeal tumor cells that are undergoing differentiation at the secondary site. This would be in agreement with earlier studies showing that cystatin M is crosslinked to the stratum corneum during terminal differentiation of keratinocytes (Zeeuwen et al., 2001) . Moreover, cystatin M expression was found to be increased 20-fold in human head and neck squamous carcinoma cells, upon induction of cell differentiation by the low calcemic vitamin D 3 analog EB1089 (Lin et al., 2002) . Therefore, further studies are needed to determine the extent of expression and downregulation/re-expression of cystatin M in normal and tumor tissues, respectively.
To address the potential biological significance of the loss of expression of cystatin M in tumor cells, we constitutively expressed cystatin M in the highly malignant human breast cancer cell line MDA-MB-435S (Price and Zhang, 1990). The initial RT-PCR screen had established that this cell line expressed little or no cystatin M. Ectopic expression of cystatin M in MDA-MB-435S cells reduced their in vitro growth rate, migration, invasion through Matrigel, and adhesion to an endothelial cell monolayer. Reduced proliferation of MDA-MB-435S cells was independent of the inhibition of lysosomal cysteine proteases because neither the broad-spectrum inhibitor E64 nor its membrane-permeant ester derivative E64d were able to mimic the effect of cystatin M expression. In addition, the bacterially expressed recombinant GSTCM fusion protein was unable to reduce the proliferation of MDA-MB-435S cells even at concentrations of 2.0 mM. The fusion protein, however, was fully functional as an inhibitor of cysteine proteases, since it inhibited papain with a K i (1.35 nM) very similar to that of the native inhibitor (0.39 nM) (Ni et al., 1997) .
The lack of effect of bacterially expressed cystatin M on cell proliferation suggested that this effect could depend on post-translational modifications of the protein. Indeed, several cystatins have been shown to Transfected clones were allowed to adhere for 15 min at 371C. Nonadherent cells were removed and endothelial monolayers washed three times with HBSS to remove loosely bound tumor cells. Adherent cells were then lysed and fluorescence intensity determined. Adhesion of mock-1 cells to endothelial cells was also studied in the presence of 200 nM of recombinant GSTCM or 10 mM of E64, and compared to the adhesion of untreated Mock-1 cells (Ctrl). Results were expressed as mean7s.e.m. (n ¼ 8) and compared statistically using one-way ANOVA. Adhesion measurements were normalized to that of the mock clone to clearly identify the differences in tumor cell adhesion undergo N-or O-glycosylation, Ser/Thr-phosphorylation, dimerization, or to bind calcium ions (Bell et al., 1989; Laber et al., 1989; Ekiel et al., 1997; Merz et al., 1997; Taupin et al., 2000) . Further studies are required to determine which of these modifications occur in cystatin M and are important for its antiproliferative function. Others have shown that cystatin C is able to induce DNA synthesis and mitosis in various cell types including fibroblasts, mesangial cells, and neuronal stem cells (Sun, 1989; Leung-Tack et al., 1990; Tavera et al., 1992; Taupin et al., 2000) . In rat neuronal stem cells, stimulation of cell proliferation by cystatin C was also shown to be independent of the inhibition of cysteine proteases (Taupin et al., 2000) . Together with the present data, this suggests that cystatin C and cystatin M may have opposite effects on cell proliferation.
The ability of cystatin M to inhibit migration and invasion of MDA-MB-435S cells through Matrigel was consistent with previous reports on the inhibition of migration and invasion by stefin A (cystatin A), cystatin C, and E-64 (Boike et al., 1992; Kobayashi et al., 1992; Redwood et al., 1992; Sexton and Cox, 1997; Kolkhorst et al., 1998; Coulibaly et al., 1999; Konduri et al., 2002) . However, the extent of inhibition of invasion by cystatin M observed in the present study, that is, X95%, suggested that cystatin M may target some cysteine protease(s) that was rate-limiting in the proteolytic cascade, leading to matrix dissolution and invasion. The potential physiological target(s) of cystatin M could be one of the 11 papain-type cysteine proteases (Bromme and Kaleta, 2002; Mason et al., 2002; Puente et al., 2003) , or it could be a legumain-type cysteine protease such as Asn-endopeptidase (Alvarez-Fernandez et al., 1999) . With a K i of 1.6 pM, cystatin M indeed very efficiently inhibits Asn-endopeptidase ( ¼ mammalian legumain) (Alvarez-Fernandez et al., 1999) . This latter highly selective protease has recently been shown to be able to activate the zymogen of matrix metalloproteinase-2 (proMMP-2 or progelatinase A) (Chen et al., 2001) . Consistent with this view is also the fact that overexpression of Asn-endopeptidase in transformed human embryonal kidney HEK-293 cells leads to increased migration, invasion, and proMMP-2 activation (Liu et al., 2003) . Preliminary studies from our laboratory using microarray and RT-PCR analysis show that MDA-MB-435S cells did indeed express Asn-endopeptidase. However, Asn-endopeptidase is not sensitive to E64 even at concentrations of up to 2 mM (Kembhavi et al., 1993; Chen et al., 1997) . Therefore, if the rate-limiting factor targeted by cystatin M is indeed Asn-endopeptidase, it would suggest that cystatin M and E64 acted at two different levels within the same pathway. For example, Asn-endopeptidase might be required for the activation of proMMP-2, which in turn is required to loosen up the extracellular matrix, thereby stimulating endocytosis/phagocytosis and digestion of extracellular matrix components by lysosomal proteases .
Cathepsin B, a papain-type cysteine protease, participates in both pericellular and intracellular digestion of matrix proteins in breast cancer BT-20 and BT-549 cells, respectively (Sameni et al., 2000) . Both E64 and the highly selective cathepsin B inhibitor CA074 block pericellular degradation of collagen-IV by BT-20 cells and intracellular degradation of collagen-IV by BT-549 cells by more than 50%. In addition, serine and matrix metalloproteinase inhibitors blocked pericellular degradation of collagen-IV by B50%. This suggests that cathepsin B, similar to Asn-endopeptidase, may participate in a pericellular proteolytic cascade. Indeed, other studies show that cathepsins B and L are involved in the conversion of pro-uPA into active uPA (urinary-type plasminogen activator/urokinase), and that inhibition of invasion by E64 is due to interference with pro-uPA activation at the tumor cell surface (Goretzki et al., 1992; Kobayashi et al., 1992; Guo et al., 2002) . Inhibitors might thus regulate cysteine proteases involved in the activation of both MMP-2 and uPA.
Besides the detachment from the primary tumor, the dissolution of extracellular matrices, and the invasion of surrounding normal tissue, successful metastasis depends on a number of other critical steps. Metastatic tumor cells also need to survive the shear stress encountered during hematogenous dissemination, continuously escape immune surveillance, arrest at a distant site, and, finally, initiate cell divisions within a completely different microenvironment. Whereas most of these steps cannot be analysed in vitro, we have nevertheless attempted to study the role of cystatin M in the adhesion of MDA-MB-435S cells to vascular endothelial cells such as HUVECs. Ectopic expression of cystatin M was found to reduce adhesion to this endothelium by 30% when compared to control cells. Although HUVECs are by no means representative of microvascular endothelial cells at sites of secondary colonization, our data are the first to report on the inhibitory effect of a cystatin on tumor-endothelial cell adhesion. Unlike cell proliferation and cell migration/ invasion that were either not sensitive to exogenous administration of E64 or GSTCM or responded strongly to both agents, respectively, tumor-endothelial cell adhesion showed a split response with E64 having no significant effect and GSTCM reducing adhesion to the same extent as ectopic expression of the inhibitor. Under physiological conditions of blood flow and shear stress, we can reasonably expect that the antiadhesive effect of ectopically expressed cystatin M will be much more pronounced.
In summary, we have shown that ectopic expression of cystatin M in the highly proliferative, invasive, and metastatic MDA-MB-435S cells seriously compromised their in vitro malignant properties. Some of the effects of cystatin M, on cell proliferation in particular, were found to be unrelated to the inhibition of lysosomal cysteine proteases, and suggest a novel mechanism of action. Future studies are now aimed at elucidating this mechanism. In order to clearly establish that cystatin M has a bona fide tumor-and/or metastasis-suppressing function, it will be crucial to analyse its role in tumor formation, invasion, angiogenesis, and metastasis in vivo. Such in vivo studies in mice are currently in progress in our laboratory.
Materials and methods
Cell culture and transfection conditions
BT-20, BT-549, MDA-MB-435S, CaCo-2, HT-29, and U-87MG cells were purchased from ATCC and maintained according to their protocols. DU-145, PC-3, and LNCaP cells were a kind gift from Dr Michael Cher (Wayne State University, Detroit, MI, USA). DU-145 cells were maintained in DMEM þ 10% FBS. PC-3 and LNCaP cells were maintained in RPMI þ 5% FBS. All media were supplemented with 100 U/ml of penicillin and 100 mg/ml of streptomycin (Sigma, St Louis, MO, USA). MCF-10A, a human diploid breast epithelial cell line, was obtained from the Barbara Ann Karmanos Cancer Institute Cell and Tissue Core (Wayne State University, Detroit, MI, USA). This cell line was maintained in DMEM/F12 containing 5% horse serum, 1 mM insulin (Sigma, St Louis, MO, USA) and 20 ng/ml EGF (BD Collaborative Research, Bedford, MD, USA). The human melanoma cell lines WM-164, WM-793, WM-852, WM-902B, WM-1205Lu, and WM-1341D were a generous gift from Dr Meenhard Herlyn (Wistar Institute, Philadelphia, PA, USA). They were grown in MCDB-153/L-15 (Sigma, St Louis, MO, USA) supplemented with 2% FBS, 5 mg/ml bovine insulin, and 1.68 mM CaCl 2 . Human umbilical vein endothelial cells (HUVECs) were isolated and cultured as previously reported (Kevil et al., 1998) . HUVECs were seeded onto fibronectincoated 24-well tissue culture plates in EGM media, according to the recommendations from Clonetics Cell Systems (Cambrex, East Rutherford, NJ, USA), and cultured to confluency. All experiments were performed using passage 1 HUVECs.
To eliminate a potential source of heterogeneity, the MDA-MB-435S cell 'line' was first cloned by limiting dilution and a clone representative of the overall parental phenotype (e.g., morphology and cystatin expression) isolated and used for transfection experiments. Transfections were performed by the liposome method using Lipofectamine Plus (Gibco, Rockville, MD, USA). Briefly, 2 mg of DNA was transfected into 8 Â 10 5 cells, according to the manufacturer's instructions. At 48 h after transfection, cells were split into two 100-mm dishes and the selection drug Zeocin (Invitrogen, Carlsbad, CA, USA) was added at 400 mg/ml. The media were changed every 48 h. After 2 weeks, colonies appeared. In all, 24 colonies from the mock-transfected and cystatin M-transfected cells were expanded and maintained in DMEM supplemented with 10% FBS, antibiotics, and 200 mg/ml Zeocin.
Semiquantitative RT-PCR analysis
RNA was isolated from human cell lines with Trizol (Gibco, Rockville, MD, USA) and reverse-transcribed. Briefly, 1 mg of DNase-treated total RNA was annealed with 0.5 mg oligo-dT 15 and reverse-transcribed in a 20 ml volume containing 1 Â reverse transcription buffer, 0.1 mg/ml BSA, 40 U of RNasin (Promega, Madison, WI, USA), 1 mM dNTPs, and 200 U of MMLV-reverse transcriptase (Promega, Madison, WI, USA) at 371C for 90 min. A 2 ml aliquot was used for subsequent PCR reactions using the Taq PCR Core kit from Qiagen (Valencia, CA, USA). For cystatin C (591C, 261-bp PCR product), cystatin M (611C, 422-bp PCR product), and b 2 -microglobulin (561C, 150-bp PCR product), the amplification conditions were as follows: 25 cycles of 941C for 30 s, 59, 61 or 561C for 30 s, 721C for 3 min, followed by a final 5-min extension at 721C. PCR products were resolved on a 2% agarose gel, stained with SYBR Green, imaged, and quantified using a STORM 840 system from Molecular Dynamics. The primer sequences were as follows: cystatin C forward, 
Cystatin M expression plasmids
Constitutive mammalian expression vector The full-length human cystatin M cDNA was PCR-amplified with the following primers: forward, 5 0 -ttaGGTACCA TCAT GGCGCG TTC-3 0 and reverse, 5 0 -tttGAATTCG GACTTAT CAC ATCTGC-3 0 . The underlined sequences indicate restriction enzyme sites for KpnI and EcoRI (New England Biolabs, Beverly, MA, USA) in the forward and reverse primers, respectively. PCR was performed as follows: 941C for 3 min, then 30 cycles of 941C for 30 s, 601C for 30 s, and 721C for 1 min, followed by a final extension of 721C for 5 min to produce a 475-bp product. The PCR product was digested with KpnI and EcoRI at 371C for 1 h, purified with a PCR purification kit (Qiagen, Valencia, CA, USA) and ligated into the mammalian expression vector pTracer-CMV2 (Invitrogen, Carlsbad, CA, USA). This vector uses the CMV promoter to drive expression of the inserted gene. Several bacterial colonies were picked and plasmids were isolated and sequenced to verify the integrity of the construct.
Inducible bacterial expression vector The DNA sequence encoding full-length mature human cystatin M was amplified by PCR and subcloned into the IPTG-inducible bacterial expression vector pGEX2T (Amersham-Biosciences, Piscataway, NJ, USA), as described previously (Sotiropoulou et al., 1997) . IPTG-driven expression from this plasmid will generate a glutathione-S-transferase-cystatin M fusion protein (GSTCM). Several bacterial colonies were picked and plasmids were isolated and sequenced to verify the integrity of the fusion construct.
Production and purification of recombinant cystatin M
The empty vector (pGEX2T) and the fusion construct (pGEX2T/cystatin M) were transformed into Origami (Novagen, Madison, WI, USA), an E. coli strain that has been engineered to increase the likelihood of disulfide-bond formation and correct folding of recombinant proteins. Recombinant GST and GSTCM were expressed and purified as described earlier (Sotiropoulou et al., 1997) . Correct folding of recombinant GSTCM was assessed by titration of papain activity on Z-Phe-Arg-AMC (Bachem, Torrance, CA, USA), as previously described (Keppler et al., 1997) . A similar titration was performed with recombinant GST and served as a negative control. Before addition to cell cultures, purified recombinant GST and GSTCM were filter-sterilized by passage through 0.22-mm pore-size Millex-GV low protein binding durapore PVDF membranes (Millipore Corp., Bedford, MA, USA).
SDS-PAGE and immunoblot analysis
Parental, mock-transfected, and cystatin M-transfected clones of MDA-MB-435S were seeded in 100-mm dishes. When 70-80% confluent, cells were washed with serum-free media and incubated in serum-free media for 24 h. Since cystatin M is a secreted protein (Ni et al., 1997; Sotiropoulou et al., 1997) , conditioned media were collected and concentrated by TCA precipitation of total proteins. Proteins were resuspended in Laemmli buffer, the volume of which was adjusted to cell number. Samples normalized this way were electrophoresed on a 15% SDS-PAGE gel, electroblotted onto nitrocellulose membranes, and probed with rabbit polyclonal antibodies raised against cystatin C (a kind gift from Dr Magnus Abrahamson, University of Lund, Sweden) (Abrahamson et al., 1986) and cystatin M (Sotiropoulou et al., 1997) . The bound antibodies were visualized with an HRP-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), and enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Quantitation of cell growth
A total of 500 cells of either mock-transfected or cystatin M-expressing clones were seeded in each of six wells in seven 96-well microtiter plates. Cells were fed every 48 h. Plates were collected on days 1, 3, 5, 7, 9, 11, and 13. The media were removed and plates were stored at À701C until all plates were collected. Cell number was determined with the CyQuant system (Molecular Probes, Eugene, OR, USA) on a Tecan SpectraFluor Plus fluorescent plate reader, using an FITC-based filter set. Relative fluorescence units were converted to cell number using a calibration curve established with known cell numbers.
In separate experiments, 500 cells of the mock-transfected clone were seeded in each of six wells in five 96-well microtiter plates containing either 24-h conditioned medium from mocktransfected cells or cystatin M-transfected cells. Cells were fed with the appropriate medium every 48 h. Plates were collected on days 1, 3, 5, 7, and 9. Cell number was determined as described above. Experiments were repeated three times. The growth of mock-transfected cells was also studied in the presence and absence of various doses of recombinant GST and GSTCM, or E64 and its membrane-permeant esterderivative E64d (Buttle et al., 1992) .
Migration and Matrigel invasion assays
Transwell culture inserts with their companion 24-well plates (BD Falcon, Bedford, MD, USA) were used for the assessment of cell migration and extracellular matrix invasion. The culture inserts consist of an 8-mm pore-size PET membrane upon which cells can be seeded and grown. In all, 50 000 cells in 500 ml of serum-free DMEM were seeded on top of the PET filters. The bottom wells received 750 ml of DMEM supplemented with 1% FBS as chemoattractant. Control wells received DMEM only (no chemoattractant). After various periods of incubation at 371C in the CO 2 incubator, cells in the top well that had not migrated were wiped off the top surface of the PET membrane, using a cotton swab. Cells on the bottom surface of the filter, that is, cells that had migrated through the filter, were fixed in 2% paraformaldehyde and stained using Mayer's hematoxylin and a 1% solution of eosin Y (EMD Biosciences, Madison, WI, USA). Culture inserts were placed on top of a hemocytometer in a drop of immersion oil and migrated cells counted using an inverted microscope at Â 100 magnification. Triplicate experiments were performed for each clone and each time point. Results are expressed as means7s.e.m. and compared statistically using ANOVA. The migration of mock-transfected cells was also studied in the presence and absence of various doses of recombinant GST and GSTCM, or E64.
For the Matrigel invasion studies, culture inserts with an 8-mm pore-size PET membrane precoated with growth-factorreduced Matrigel (BD Biocoat, Bedford, MD, USA) were used. Matrigel, a reconstituted basement membrane, blocks non-invasive cells from migrating through the membrane. In contrast, invasive cells such as MDA-MB-435S cells are able to degrade and invade into Matrigel and eventually cross the membrane through the 8-mm pores (Hendrix et al., 1987) . Matrigel was allowed to rehydrate for 1 h in serum-free medium at 371C in the CO 2 incubator. Culture inserts were then transferred to a new 24-well plate and loaded with 50 000 cells per well in serum-free medium. All other conditions were as described for the migration assays.
Tumor-endothelial cell adhesion assay
Tumor cell adhesion to the vascular endothelium was performed as previously described for monocytes (Kevil et al., 2001) . Briefly, mock-1 and CM-13 cells were labeled for 20 min with the fluorescent dye BCECF-AM (Molecular Probes, Eugene, OR, USA), at a final concentration of 1 mM, in Hank's balanced salt solution (HBSS). After three washes in HBSS, tumor cell clones were added to HUVEC monolayers at 371C for 15 min. Nonadherent cells were removed and endothelial monolayers washed three times with HBSS to remove loosely bound cells. Adherent cells were then lysed with 1-mM NaOH and fluorescent intensity determined using a Tecan Genios Plus plate reader. Adhesion of mock-1 cells to HUVECs was also studied in the presence and absence of recombinant GSTCM (200 nM) or E64 (10 mM), and compared to the adhesion of CM-13 cells. Eight experiments (n ¼ 8) were performed for each clone and each treatment. Results were expressed as means7s.e.m. and compared statistically using ANOVA. Adhesion measurements were normalized to that of the mock clone to clearly identify differences in tumor cell adhesion.
Statistical analyses
One-way ANOVA analyses were performed for the comparison of transfection clones. Two-factor ANOVA analyses were performed for the comparison of mock-transfected clones grown in the presence or absence of various compounds or media.
